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Drought in Texas and California has been a long-term problem. Over the past 60 years 
reservoir construction has occurred to remedy the situation. Satellite imagery has been used 
historically to measure and monitor fluctuations in surface water reservoirs. This investigation 
integrates remote sensing and geographic information system (GIS) technologies to study the 
impact of drought on selected surface water reservoirs in San Angelo and Dallas in Texas, and 
Lake Oroville in California. Expansion and shrinkage over the 2005-2016 period reveal the 
concrete impact that drought, along with other factors, have on the selected lakes. Fluctuations in 
reservoir sizes during summer and winter months throughout this period are quantified. Changes 
in the reservoirs are characterized and correlated against local climate data for each reservoir 
using multispectral imageries from Landsat-5, -7, and -8. A GIS-based density slicing approach 
is employed to classify the range of values of the raster cells from the near-infrared band of each 
image into zones of natural breaks. The year-by-year analysis shows how each lake is behaving 
in a diverse fashion during the study period. The San Angelo lakes changed drastically; however, 
changes in lakes near Dallas and also Lake Oroville follow the pattern of drought and correlate 
more closely to their respective local climate conditions. Surprisingly, the extreme drought in 
San Angelo has caused several of small lakes to disappear and they’re no longer used as fishing 
and boating destinations. This study demonstrates the societal benefits from incorporating remote 
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Artificial reservoirs near San Angelo and Dallas, Texas, and Lake Oroville, California, 
were investigated and remote sensing was used in measuring lake surface area between 2005 and 
2016.  The goal of this study was to compare reservoir surface area with climate observations, 
stream discharge, and water resource management.  These analyses demonstrate the value of 
remotely sensed data for investigations of reservoir area and highlight the relative importance of 
climate variability and human activity on lake area in the three study areas. 
Drought was at its peak in 2011 in Texas, while California had several periods of 
drought, with the most severe droughts happening during 2007-2009 and 2013-2015. Several of 
the reservoirs in this study completely dried, and became unusable, while they were active 
reservoirs just a few years before. This research addresses the direct impact of drought on surface 
water reservoirs and further investigates other factors that might have played a role in the 
shrinkage or expansion of surface water area of the selected reservoirs. This investigation 
integrates remote sensing and Geographic Information System (GIS) technologies to study the 
expansion and shrinkage in these selected reservoirs. Results can be used as a solid foundation 
for water resource management in the study areas.  
Drought is often defined based on the area in which it is being studied. Six types of 
drought have been indicated by Subrahmanyam on his study in continental drought: 
meteorological, climatological, agricultural, hydrological, atmospheric, and water-management 
(Subrahmanyam 1967). These types have been further broken down into four main areas by 
Wilhite and Glantz in their work in “understanding the Drought Phenomenon” (Wilhite and 
Glantz 1985): Meteorological drought characterizes drought based on the degrees of dryness and 
the length of the dry period. These periods can be defined as the length of time without 
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precipitation or by an amount of precipitation with a specified amount of time. The Palmer 
Drought Severity Index, developed in 1965 by W.C. Palmer, is based on both precipitation and 
temperature and models soil moisture. Agricultural drought defines ways to link agricultural 
impacts to characteristics of meteorological drought. This focuses on precipitation shortages, 
changes from normal, or meteorological factors. In his work on agroclimatic drought, Kulik 
displayed the intensity of drought based on the difference between the available soil water and 
the plant water demand (Davitaya and Kulik 1962). Hydrological drought is focused on the 
effects of dry spells on surface or subsurface hydrology, rather than the precipitation. In their 
study, Linsley et al. considered hydrological drought “a period during which stream-flows are 
inadequate to supply established uses under a given water management system” (Linsley, 
Kohler, and Paulhus 1975). Socio-economic drought can incorporate the other three types and 
are usually associated with the supply and demand of an economic good. In 1936, in the middle 
of a drought in the Great Plains, J.C. Hoyt explained through his research that drought occurred 
“when precipitation is not sufficient to meet the needs of established human activities” (Hoyt 
1936). W.G. Hoyt later expanded on that topic in his hydrological analysis stating that drought 
may occur when “the economic development of a region man creates a demand for more water 
than is normally available” (Hoyt 1936). 
Drought in Texas is not a new problem, but one that should be addressed and studied.  
The majority of Texas was under drought conditions from 2011 through part of 2015. An earlier 
drought occurred in much of the state starting in 2005, with heavy rains in 2007 lifting the state 
from drought conditions, until some of the driest conditions returned in from September 2008 
through September 2009. By January 2010, Texas was back under drought conditions that 
mimicked those of the 1950s. The drought in Texas from 1950-1957 was the worst drought on 
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record for the state. This drought resulted in several actions by the Texas legislature. The Texas 
Water Development Board was established in 1957 and more than 126 major reservoirs were 
constructed from 1957 to 1980. Along with those changes, the Water Planning Act of 1957 
developed a plan to meet the state’s future water needs. The 12-month period from October 2010 
through September 2011 was far below the previous record set in 1956 (Nielsen-Gammon 2011). 
The drought of record that is considered the worst in both the San Angelo and Dallas Study areas 
occurred from the period of October 1950 to February 1957. This is defined by the worst 
environmental impact rather than the worst recorded climate impact. This is the case because a 
shorter and less severe drought with larger monetary losses will not outweigh a long and severe 
drought in the early history of the state. 
The cause of the most recent drought in Texas is a weather pattern known as La Nina, 
where surface temperatures are cooler in the Pacific. This often creates drier and warmer weather 
in the southern US (McPhaden 1999; McPhaden, Zebiak, and Glantz 2006). Figure 1 
demonstrates how the different factors involved with La Nina have created a drier and warmer 
than normal area.  
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Figure 1: La Nina description and how it causes dry and warm weather in most of Texas. 
(Courtesy of NOAA). 
 
The South-Central Climate Science Center in Norman, Oklahoma prepared a drought 
history for the climate divisions in Texas in 2013. This study outlines the general climate for the 
region and gives a broad review of the area throughout the last 120 years. This study is aimed at 
local government officials in order for them to be better prepared for drought by completing the 
following: (1) assessing their vulnerability to drought, (2) understand past droughts and the local 
climate, (3) monitor drought, (4) prepare an action plan for drought, and (5) educate citizens. The 
study is very useful, but it is more of a guidebook on how to notice drought and what can be 
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done to recognize and improve upon the situation (South Central Climate Science Center 2013a, 
2013b). 
The economic impact of drought has been tremendous in the US, especially in Texas. In 
the years since 2000, the National Oceanic and Atmospheric Administration (NOAA) has 
identified nine droughts nationwide as billion-dollar weather disasters, based on both damages 
and crop loss. The drought in 2012, which at its peak affected nearly 80% of the United States, 
resulted in estimated damages and costs of over $50 billion, with $7.62 billion in losses in Texas. 
This drought eclipses an estimated $3.5 billion loss in 2006 (Anderson 2011). A study at UC 
Davis has estimated the most recent drought in California in 2015 had an economic impact of 
more than $2.7 billion (Kasler and Reese 2015). 
The purpose of this study is to measure the area and to explore the reasons for these 
changes that drought has on surface reservoirs. At the end of 2016, the reservoirs on average 
throughout Texas are back to more than 80% capacity. However, the five reservoirs studied near 
San Angelo are not near that average. Three of the five reservoirs were less than 20% of 
capacity, one is near 50%, and only one is at the state average above 80% according to the 
TWDB. The average surface area at the end of the study for these reservoirs was 39.35%. In 








1. San Angelo, TX 
 San Angelo, located in western central Texas, has a total of 8 large lakes within 100 km 
of its city center. The reservoirs have a total surface area of 173.1 km² with 692.3 km of 
shoreline (“GIS Data | Texas Water Development Board”). A selection of 5 major lakes in San 
Angelo, located in Coke County in the north and Tom Green County in the south, are involved in 
this study (Figure 2). Land cover of the area is predominantly scrubland but increasing urban and 
business development within the area is a possible contributing factor to the status of the 
reservoir (TNRIS).  
 
Figure 2: Geographic location of the San Angelo study area. A digital model is represented by 
the multi-colored area with the Colorado River Basin. Lakes are marked with blue color.  
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2. Dallas, TX 
 
Dallas, TX and the surrounding area is located in northeast Texas. There are many 
reservoirs in this area, but these 5 reservoirs were selected. These reservoirs have a total surface 
area of 252.4 km² with 922.2 km of shoreline. These reservoirs, while predominantly located in 
Denton County, fall into four bordering counties as well (Figure 3). These counties include 
Crooke county directly north and Grayson county to the northeast. Directly south of Denton and 
containing part of Grapevine Lake is Tarrant County. North Lake is located in Dallas County, 
southeast of Denton.  Land cover of the area is predominantly urban and business development 
and is surrounded by the major metropolitan area of Dallas and Fort Worth (TNRIS). 
 
Figure 3: Geographic location of the Dallas study area. The Trinity Basin is outlined around the 
study area. A digital model is represented by the multi-colored area with the Trinity River Basin. 





3. Lake Oroville, CA 
 
Lake Oroville is located northeast of the city of Oroville, CA and is in Butte County. The 
reservoir has a total surface area of 60.5 km² with 265.5 km of shoreline. The reservoir’s 
construction began in 1957 with the construction of the Oroville Dam. This is the tallest dam in 
the U.S. at 234.7m. The hydroelectric power plant is the largest in the State Water Project of 
California and has the capacity to generate 819 megawatts of electricity. The dam has been 
credited with minimizing damage during floods since the dam’s completion in the 1960s (Bell 
M. Lee and Nur Amos 2012). Figure 4 highlights the elevation within the Feather River 
watershed and demonstrates the slope of the area. 
 
Figure 4: Geographic location of the Lake Oroville study area. The Feather River Watershed is 
outlined around the study area. A digital model is represented by the multi-colored area with the 




Landsat imageries are widely used for detecting lake changes (Kaplan and Avdan 2017; 
Long et al. 2013). For this investigation, Landsat-5, -7, and -8 scenes from 2005 through 2016 
are obtained from the Earth Resources Observation and Science (EROS) data center operated by 
USGS. A total of 72 images are used, 24 images per location (12 in winter plus 12 in summer 
months). For the 2005-2012 period, Landsat-5 images are used when possible instead of 
Landsat-7 because of the radiometric striping that occurs on Landsat-7 imagery starting 2003 due 
to the Scan Line Corrector (SLC) failure. However, Landsat-7 images are still used in some 
circumstances, such as the lack of Landsat-5 imageries due to the presence of dense cloud cover, 
or because they were the only satellite imageries available from November 2011 through April 
2013 over the selected lakes. Table 1 outlines the dates in which each image was taken by the 
satellite and from which Land Satellite it was retrieved. Only images that were taken under clear 
weather conditions were used in this analysis. This is the reason why images were used that may 





Table 1: Satellite imagery by date and from which satellite the imagery was taken. Landsat-5 
images are depicted in blue. Landsat-7 images are depicted in light green. Landsat-8 images are 
depicted in purple. 
Satellite Imagery Dates 
 San Angelo Dallas Oroville 
Year Winter Summer Winter Summer Winter Summer 
2005 1-Apr 23-Aug 3-Apr 26-Sep 5-Feb 16-Aug 
2006 24-Jan 10-Aug 20-Feb 13-Sep 8-Feb 19-Aug 
2007 6-Mar 12-Aug 8-Mar 15-Aug 26-Jan 22-Aug 
2008 8-Mar 16-Sep 11-Apr 26-Sep 14-Feb 24-Aug 
2009 23-Feb 2-Aug 29-Mar 4-Aug 31-Jan 11-Aug 
2010 14-Mar 21-Aug 11-Jan 7-Aug 7-Mar 14-Aug 
2011 11-Mar 8-Aug 11-Mar 11-Sep 6-Feb 17-Aug 
2012 26-Feb 12-Aug 26-Feb 20-Aug 17-Feb 11-Aug 
2013 28-Feb 29-Sep 28-Feb 31-Aug 18-Jan 7-Sep 
2014 28-Jan 31-Aug 11-Mar 1-Jul 13-Jan 25-Aug 
2015 8-Feb 17-Jul 10-Feb 20-Jun 17-Feb 12-Aug 
2016 11-Feb 14-Sep 13-Feb 7-Aug 20-Feb 14-Aug 
Satellite Imagery used by color Landsat-5 Landsat-7 Landsat-8 
 
For San Angelo reservoirs, Landsat images were formatted as GeoTIFF and projected to 
Universal Transverse Mercator (UTM), World Geodetic System 1984 (WGS84), and Zone 14N. 
All the scenes are from Worldwide Reference System 2 path 29, row 38 and were selected based 
on minimal scene cloud cover and closeness of the scene date. In the summer months, Landsat-5 
images were used from 2005-2011, Landsat-7 images were used for 2012, and Landsat-8 images 
were used for 2013-2016. In the winter months, Landsat-5 images were used from 2006-2011, 
Landsat-7 images were used for 2005, 2012, and 2013.  Landsat-8 images were used from 2014-
2016. 
In Dallas reservoirs, Landsat images were formatted as GeoTIFF and projected to UTM, 
WGS84, and Zone 14N. All the scenes are from Worldwide Reference System 2 path 27, row 37 
and were selected based on minimal scene cloud cover and closeness of the scene date. In the 
summer months, Landsat-5 images were used from 2005-2007 and also 2009-2011. Landsat-7 
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images were used for 2008 and 2012. Landsat-8 images were used for 2013-2016. In the winter 
months, Landsat-5 images were used in 2005 and 2007-2010. Landsat-7 images were used for 
2006 and 2011-2013.  Landsat-8 images were used from 2014-2016. 
In Lake Oroville, all images were formatted as GeoTIFF and projected to UTM, WGS84, 
and Zone 10N. All the scenes are from Worldwide Reference System 2 path 44, row 32 and 33. 
The scenes were selected based on minimal cloud cover as well, and closeness of the scene date. 
The study area fell on the boundary of 2 rows of satellite imagery. This is why both row 32 and 
row 33 were used. In the summer months, Landsat-5 images were used from 2005-2011, 
Landsat-7 images were used for 2012, and Landsat-8 images were used for 2013-2016. In the 
winter months, Landsat-5 images were used from 2005-2011, Landsat-7 images were used for 
2012 and 2013.  Landsat-8 images were used from 2014-2016. 
 
Methods 
Landsat imageries have been used broadly in previous studies to identify changes in 
surface water bodies (Gilmer 1975; Longley et al. 2015; M.E. 1978). The Landsat program offers 
the longest continuous record of the Earth’s surface. For 40 years, the Landsat program has 
collected spectral information from the Earth’s surface. Landsat images are divided into multiple 
bands to distinguish between different characteristics of the earth’s surface. This study analyzes 
multispectral images but uses the individual band 4 to measure the expansion and shrinkage in 
the reservoirs. Water can absorb longer wavelength visible and near infrared greater than shorter 
visible as seen in figure 1. Water has zero reflectance in band 4. Therefore, it is possible to 
distinguishable between soil and vegetation, which has between 30% and 50% reflectance. 
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Figure 5: Reflectance levels the Landsat bands (courtesy of NASA). The Near Infrared (NIR) 
band 4 is used primarily in the study and corresponds with Landsat-5, and -7. In Landsat-8 band 
4 is equivalent to band 5 due to the added band 1 at a lower wavelength than this configuration. 
 
The density slice approach, developed by the Environmental Systems Research Institute 
(Esri), with the underlying Jenks natural break optimization method, is employed to slice raster 
Near Infrared (NIR) images for all reservoirs into three main categories (i.e., deep water, shallow 
water, and dry area). Density slicing is a method of one-dimensional classification in which the 
continuous grey scale of an image is sliced into a series of classes based on ranges of brightness 
values. The natural break method divides the output raster into the desired number of zones, with 
the areas of each zone determined by the class break. In this method, the classes are determined 
based on natural grouping that is inherent in the raster data. The break points are identified by 
choosing the class breaks that best group similar values and that create the maximum distance 
between classes, The cell values are divided into the corresponding zone when the borders have 
reasonably big jumps in the data values (“How Slice Works”). 
The Jenks natural breaks algorithm, sometimes referred to as the Jenks optimization 
method (Coulson 2006), operates a multi-iteration process that is repeated until the set of breaks 
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in the data has the smallest variance between classes. The process is started by dividing the 
individual reservoir into groups. The initial divisions can be arbitrary and these four steps are 
repeated: (1) calculate the sum of squared deviations between classes (SDBC), (2) calculate the 
sum of the squared deviations from the array mean (SDAM), (3) subtract SDBC from SDAM 
(this equals the sum of the squared deviations from the class means (SDCM)), and (4) inspect 
SDBC and a decision is made to move one unit from the class with the largest SDBC toward the 
class with the lowest SDBC (Jenks 1967). New class divisions are then calculated and the 
process is repeated until the sum of the class deviations reaches a minimal value. Finally, the 
features are divided into groups inherent to the data (Longley et al. 2015). The Goodness of 
Variance Fit (GVF) is used as a decision tool as it ranges from 0 to 1, with 0 being the worst fit 




,                                                  (1) 
Where GVF is the Goodness of Variance Fit that can be computed as in equation 2, SDAM is the 
sum of the squared deviations from the array mean, and SDCM is the sum of the squared 
deviations from the class means. 










,                                    (2) 
Where k is the number of desired classes (3 in our case: deep water, shallow water, and dry area), 
N is the set of values in class j, Z belongs to the value in class j, and ?̅? is the mean value from 
class j. 
Alternative methods of slicing the reservoirs into distinct areas include equal area and 
equal interval. When the equal area method is applied, the sliced output will have the desired 
number of zones with a similar number of pixels in each area. The equal interval method divides 
the raster into the desired number of zones with each area containing an equal value range 
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(Dent). These two latter methods are not adapted in this investigation because they are not ideal 
for the nature of the desired geospatial analysis. 
Accuracy assessment is a necessary component of any image classification and can 
simply be accomplished by comparing the classified product to a verified reference at selected 
sample locations on a pixel-by-pixel basis (Lunetta and Lyon 2004). As field verification is not 
conducted in this study, one hundred random samples of pure pixels are selected to assess 
accuracy of the classified outputs for each reservoir. These samples are compared to Landsat 
images from USGS, and all classified products that showed low accuracy are reprocessed to 
achieve a minimum of 90% accuracy. Tables 2 and 3 show the accuracy of the classified images 




Table 2: Statistical accuracy assessment (%) by reservoir and season in the San Angelo area 
reservoirs. 
Year Season E.V. Spence O.C. Fisher Oak Creek Twin Buttes Nasworthy 
2005 
Winter 94 96 97 91 99 
Summer 91 95 92 96 99 
2006 
Winter 91 93 91 93 95 
Summer 99 96 96 92 91 
2007 
Winter 94 90 96 93 92 
Summer 93 93 96 96 99 
2008 
Winter 99 98 91 97 97 
Summer 90 97 91 92 95 
2009 
Winter 98 92 93 97 97 
Summer 92 94 92 90 98 
2010 
Winter 93 92 99 91 97 
Summer 90 97 91 93 94 
2011 
Winter 91 98 93 94 99 
Summer 92 97 95 94 99 
2012 
Winter 91 98 91 98 98 
Summer 90 97 94 91 99 
2013 
Winter 91 97 93 95 94 
Summer 93 91 95 99 96 
2014 
Winter 93 95 99 93 98 
Summer 93 90 95 94 91 
2015 
Winter 99 91 99 98 95 
Summer 90 92 93 90 99 
2016 
Winter 91 98 93 92 90 






Table 3: Statistical accuracy assessment (%) by reservoir and season in the Dallas area. 
Year Season Ray Roberts Lewisville Grapevine  Kiowa North 
2005 
Winter 97 93 92 98 97 
Summer 94 93 96 98 95 
2006 
Winter 90 96 92 94 91 
Summer 90 92 91 95 92 
2007 
Winter 98 93 93 91 94 
Summer 98 95 94 90 92 
2008 
Winter 95 91 91 96 93 
Summer 99 99 94 90 94 
2009 
Winter 98 91 99 99 97 
Summer 92 96 92 99 90 
2010 
Winter 90 93 90 99 91 
Summer 90 91 95 99 90 
2011 
Winter 90 99 98 98 92 
Summer 93 94 96 99 97 
2012 
Winter 95 98 93 92 93 
Summer 91 93 93 90 91 
2013 
Winter 90 91 97 92 99 
Summer 93 91 97 99 93 
2014 
Winter 92 90 98 99 99 
Summer 99 94 94 92 93 
2015 
Winter 90 91 93 91 96 
Summer 98 95 90 90 97 
2016 
Winter 97 95 96 93 91 
Summer 95 96 95 92 97 
 
 
Impacts of Climate 
 Climate divisions in the United States, like the ones shown for Texas and California in 
figure 6, are essentially developed to generate historical climate data based off station 
observation of precipitation, temperature, etc. They are originally developed to monitor drought, 
temperature, and precipitation at local, state, regional, and nationwide levels (Wilhite and Glantz 
1985). The scientific community has come up with several methods of measuring and 
quantifying drought. In this study, three of Palmer’s drought indices are used: Palmer Z-Index, 
Palmer Drought Severity Index (PDSI), and Palmer Drought Hydrological Index (PDHI). All 
these indices use estimations of precipitation, temperature, and soil water content. The normal 
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range of values extend from -4, which is very dry, to +4, which is extremely wet. Yet, values of -
1 still indicate some level of drought. Naturally, the values decrease and become more negative 
with a rise in temperature and a decrease in rainfall. These indices are very helpful in diagnosing 
agricultural drought due to its sensitivity to soil conditions; however, they do not take into 
account stream flows (Vose et al. 2014). 
Figure 6: Texas and California climate divisions. For this study, the only areas of focus are 
divisions 3 and 6 in Texas and Division 2 in California. Division 3 in Texas is the North-Central 
Division and contains the Dallas area reservoirs. Division 6 in Texas is the Edwards Plateau 
Division and contains all the San Angelo reservoirs. Division 2 in California is the Sacramento 
Drainage Division and contains Lake Oroville (Guttman and Quayle 1996). 
 
 The Palmer Z-Index demonstrates how monthly moisture conditions depart from the 
average (i.e., it measures drought on a monthly scale), thus it is best suited for studying short-
term drought. It is commonly used for measuring moisture changes over periods that last less 
than 12 months (Linsley, Kohler, and Paulhus 1975). PDSI measures long-term meteorological 
drought and wet conditions. It takes a cumulative measurement of many of the previous month’s 
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weather patterns, with the current month being weighed more heavily. Weather may change 
rapidly, and therefore PDSI can respond quickly (Davitaya 1962) PDHI uses similar 
measurements to PDSI, but it will reflect more accurately groundwater conditions and reservoir 
levels; consequently, PDHI responds slower than PDSI (Davitaya 1962). 
Figure 7 displays the monthly precipitation and temperature (top) and the monthly Palmer 
Indices (bottom) since 2004 for Edwards Plateau Climate Division. The average monthly 
precipitation was 5.12 cm, while the average temperature was 19.1 °C. Warmer than average 
temperatures were prevalent throughout 2006, mid 2008 – late 2009, and early 2011 through 
2014. Periods of drier than average have a similar relationship. They include late 2005 – early 
2007, mid 2008 – late 2009, and much of 2011 – mid 2015.  
The local climate conditions were the same for all lakes in San Angelo, and most of the 
reservoirs followed the climate conditions during the study period but with varying magnitudes. 
Oak Creek Reservoir experienced a considerable reduction of about 67% of its surface water area 
between 2008 and 2014. The climate conditions were generally dry during that time period and 
the climate indices reached above zero only in 2 out of the 6 years. With the wet conditions 
prevailing in 2015, the surface water area had nearly doubled in size (Table 6, Figure 20). E.V. 
Spence Reservoir decreased considerably from nearly 65% of the area described as the 
conservation pool for the reservoir in 2006 to less than 10% in 2014. The reservoir had a slight 
increase to 30% over the next year followed by a sharp decrease and the surface water area was 
in excess of its double. (Table 7, Figure 20). The same climate conditions were experienced with 
different outcomes, leading to the thought that other non-climate factors affected the lake levels. 
Those factors include: discharge, evaporation, human uses such as powerplant cooling and 
irrigation. Lake Nasworthy showed slight to no relationship with climate conditions, but that is 
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expected since it was kept at a constant level from the neighboring Twin Buttes Lake that lost 
approximately 45% of its surface are between 2008 and 2013 (Table 8, Figure 20). O.C. Fisher 
Lake dried up for nearly four years and decreased in size from 25% in 2005 to less than 1% 
between 2012 and 2015. With the dramatic change to wet conditions in early 2015, this reservoir 





Figure 7: The average monthly temperature and precipitation (top graph) and Palmer Indices 
(bottom graph) in the Edwards Plateau Climate Division from 2004 to 2016. To highlight 
warmer, cooler, wetter, or drier periods, the center line has been placed in the position of the 
average value over the span of these data. Precipitation values above the line represent wetter 
than average, while temperature values above the line represent warmer than average. To 
highlight periods of drought, the Palmer Indices have a center line of zero to highlight any areas 
that have drought tendencies. The precipitation in May 2015 was 20.98 and extends beyond the 




Figure 8: Palmer Indices and the total surface water area of the San Angelo area reservoirs. The 
San Angelo reservoirs line represents the surface water area of all the reservoirs over the period 
of study. The center line for the values on the right, is set at the average value for the areas 
reservoirs over the study period to highlight periods of decline and increase. 
 
The Palmer Indices in figure 8 demonstrate how drought has affected the San Angelo 
reservoirs. The reservoirs surface area tract and the three indices reflect the periods of drought 
and the periods of wetness. The relationship between the decline in the reservoirs surface area 
and those times of growth can be tracked accurately. 
Figure 9 shows the monthly precipitation and temperature (top) and the monthly Palmer 
Indices (bottom) since 2004 for North-Central. The average monthly precipitation was 7.49 cm, 
while the average temperature was 18.7 °C. Warmer than average temperatures were prevalent 
during these periods: early 2006 - mid 2007, mid 2008 - mid 2009, and late 2010 through early 
2015. Periods of drier than average have a similar relationship. They include mid 2005 – mid 
2007, mid 2008 – mid 2009, and throughout much of late 2010 – early 2015.   
22 
 
A visual comparison of Figure 10 shows that the five reservoirs studied in Dallas appear 
to not change as drastically as those reservoirs in San Angelo. The Dallas area experienced 
similar periods of dry and wet conditions. However, the levels of dryness were more severe in 
the Edwards Plateau climate division and the periods of wetness are greater. This is observed 
from the climate indices of the North Central climate division. Grapevine Lake decreased from 
90% to 72% during the dry climate period, and then expanded to 98% of its surface area in 2016 
(Table 11, Figure 36). Lake Ray Roberts is the largest of the five studied reservoirs. It 
experienced similar expansion and contraction periods to Grapevine and Lewisville Lakes. The 
peak of its surface area was at 94% in 2007, then decreased to 79% by 2014 (Table 13, Figure 
36). Lake Lewisville followed a similar change pattern, as shown in Figure 6. It reached its 
minimum surface area in 2014 toward the end of the dry period, then expanded to 97% in 2015. 
Lake Kiowa is a much smaller reservoir that showed a dissimilar reaction to climate conditions. 
Its surface water area remained 75%-85% covered during the entire study period, and the change 
pattern did not appear to relate with any climate indices (Table 14, Figure 36). North Lake is also 
a very small lake that showed a gradual decrease until 2014 when a drastic decrease dropped its 
surface area percentage from 67% in 2014 to 25% in 2015 (Table 14, Figure 36). Apparently, 
this is due to constructional activities on the lake that is being drained, as seen from the time 




Figure 9: The average monthly temperature and precipitation (top graph) and Palmer Indices 
(bottom graph) in the North-Central Climate Division from 2004 to 2016. To highlight warmer, 
cooler, wetter, or drier periods, the center line has been placed in the position of the average 
value over the span of these data. Precipitation values above the line represent wetter than 
average, while temperature values above the line represent warmer than average. To highlight 
periods of drought, the Palmer Indices have a center line of zero to highlight any areas that have 
drought tendencies. The monthly precipitation values extended beyond the figure in May 2015 in 






Figure 10: Palmer Indices and the total surface water area of the Dallas area reservoirs. The 
Dallas reservoirs line represents the surface water area of all the reservoirs over the period of 
study. The center line for the values on the right, is set at the average value for the areas 
reservoirs over the study period to highlight periods of decline and increase. 
 
The Palmer Indices in figure 10 illustrate how drought has affected the Dallas reservoirs. 
The reservoirs surface area tract and the three indices reflect the periods of drought and the 
periods of wetness. The relationship between the decline in the reservoirs surface area and the 
periods in which the palmer indices were in drought conditions is verified in some periods. 
However, during some phases in this study area the reverse of that is accurate. 
Figure 11 shows the monthly precipitation and temperature (top) and the monthly Palmer 
Indices (bottom) since 2004 for Sacramento Drainage Climate Division. The average monthly 
precipitation was 7.00 cm, while the average temperature was 12.94 °C. Warmer than average 
temperatures were noticed from mid-2006 – early 2008, late 2008 – mid 2010, and early 2012 till 
the end of 2016. Periods of drier than average fall in similar periods. They include early 2007 – 




Figure 11: The average monthly temperature and precipitation (top graph) and Palmer Indices 
(bottom graph) in the Sacramento Drainage Climate Division from 2004 to 2016. To highlight 
warmer, cooler, wetter, or drier periods, the center line has been placed in the position of the 
average value over the span of these data. Precipitation values above the line represent wetter 
than average, while temperature values above the line represent warmer than average. To 
highlight periods of drought, the Palmer Indices have a center line of zero to highlight any areas 
that have drought tendencies. The precipitation in December 2005 reached 40.77 cm and extends 





Figure 12: Palmer Indices and the total surface water area of Lake Oroville. The Lake Oroville 
line represents the surface water area of the reservoir over the period of study. The center line for 
the values on the right, is set at the average water area over the study period to highlight periods 
of decline and increase. 
 
The Palmer Indices in figure 12 above demonstrate how drought has affected Lake 
Oroville. The reservoir’s surface water area tract and the three indices reflect the periods of 
drought and the periods of wetness. This reservoir is important to look at, because of the 
differences in climate that it has with the other two study areas, and also the similarities it has 
with the changes in the reservoir’s surface area and the changes in climate conditions. The 
relationship between the shrinking in the reservoirs surface area and the periods in which the 
palmer indices were in drought conditions is shown in some periods. Yet, during some stages in 




Impacts of Evaporation and Discharge 
 Climate has a great impact on the reservoirs, but it is not the only thing to cause change 
in the reservoir. The mean yearly evaporation rates, along the Colorado River Basin, are near 
double to the mean yearly precipitation rates. In the Trinity River Basin, the evaporation rates are 
near equivalent with the mean precipitation rates (Wurbs and Ayala 2014). The evaporation is 
measured daily at Grapevine Lake and O.C. Fisher Lake. Discharge from selected reservoirs are 
measured hourly with an instantaneous cubic foot per second (CFS) measured hourly. These 
have been recorded for the study area in the following reservoirs: Grapevine Lake, O.C. Fisher 
Lake, and Lake Oroville. There are most likely discharges and evaporation from the other 
reservoirs, but these data have not been recorded or is not publicly available. This is sufficient 
data to get a general idea for the area. 
 The relationship that evaporation and discharge have with the changes in surface area of 
the reservoirs can be seen in figure 13. Between the years of 2004 and 2010, the relationship 
between above average evaporation and decline in surface area follows closely. After the year 
2011, the relationship between evaporation and surface area don’t follow a straight forward 
pattern. During the period of 2012 through 2015, there was below average rainfall as shown in 
figures 9 and 11 that would have contributed to a decline in the reservoir while having a steady 
rate of evaporation. Discharge would also have an effect on the change in the reservoir and is 
shown in figure 13. As the reservoir’s surface area increases, the amount of discharges relates to 
peak discharges during peak surface areas. The discharge amounts would be a benefactor in the 




Figure 13: (top) The relationship between the surface water area and the average of evaporation 
recorded on site daily at Grapevine Lake, O.C. Fisher Lake and Lake Oroville by the Corps of 
Engineers, the Texas Water Development Board and the USGS, respectively. (bottom) The 
relationship between changes in the surface water area and the average of daily discharge (the 
total m³/day) measured at Grapevine Lake, O.C. Fisher Lake and Lake Oroville by the Corps of 
Engineers and the Texas Water Development Board and the USGS, respectively. 
 
The same data were collected for O.C. Fisher Lake in San Angelo reservoirs. As shown 
in figure 13, the changes in evaporation levels had an effect on the surface area changes. The 
discharge levels are minimal but had some effect on the reservoir. This is the only reservoir that 
have recorded discharge and evaporation data within the reservoirs in the San Angelo study area. 
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Theses discharge data are most likely different at the reservoirs due to the varying constraints on 
each body. Twin Buttes Reservoir was affected by discharges to the neighboring Lake 
Nasworthy throughout the periods of drought in the area. However, these changes cannot be 
quantified as there are no readily available historical data on the discharges from Twin Buttes 
Reservoir. The other reservoirs were not noticeably drained for the purpose of maintaining the 
level of another reservoir, but likely had discharges. 
The evaporation data are only available for Lake O.C. Fisher but using theses evaporation 
data from this lake can give an idea on the level of evaporation of the other reservoirs in the 
surrounding area. These data can also provide a solid comparison of the different regions and 
show how evaporation affects the different areas. Using a correlation equation for these sets of 
data, a percentage is found to quantify how particular variants affected the changing surface area 
of the reservoirs. 
Discharge and Evaporation was available for Lake Oroville, CA. These data provided a 
valuable insight into how the levels of the lake were affected. Some of these data was 
unavailable for certain years. Discharge data were available for the entire study period, but 
evaporation data were not collected for 2006, 2012, and 2014-2016. However, these data 
collected provides insight into how those parameters affected the lake’s surface area. 
As shown in figure 13, there is a relationship to changes in surface area and the discharge 
amounts within the lake. As greater amounts of water are discharged from the lake, the surface 
area of the lake decreases. The same appears to be true for the evaporation rates.  
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Results and Discussion 
The surface area of the water in the reservoirs changed at different rates. Some lost a 
great deal of their peak amount, while others had minimal change. The reservoirs in the Dallas 
area did not lose near the percentage as the studied reservoirs in the San Angelo area. As shown 
in figure 14 below, the Dallas area went from a total surface water area in these 5 reservoirs of 
238.9 km² in the summer of 2007 to 206.9 km² in the summer of 2013. This loss of nearly 32.4 
km² is almost as great as the total surface water area of the San Angelo reservoirs. However, this 
is only a decline of 13.5% in the reservoirs. San Angelo area reservoirs went from a total surface 
water area in the five studied reservoirs of 48.5 km² in the summer of 2007 to 18.2 km² in the 
summer of 2013. This represents a decline of 62.5% in the water’s surface area of the reservoirs. 
 
Figure 14: Total surface area of all the studied reservoirs by grouped by study area and season. 
All data are the sum of the total surface area of all lakes in each study area divided by the total 
conservation area. This is represented as a percentage of the conservation pool of the reservoir 





Table 4: Total surface water area by study area. Numbers represent the totals (in %) of all the 
reservoirs in each study area. Percent Full is based on Conservation Storage and Conservation 
Capacity and doesn't account for storage in flood pool. 
Total Water Area (%) 
  Dallas reservoirs San Angelo reservoirs Lake Oroville 
2005 
Winter 85.49 39.02 71.32 
Summer 88.94 42.38 88.11 
2006 
Winter 73.35 45.23 85.05 
Summer 77.80 39.49 87.85 
2007 
Winter 80.67 38.54 86.38 
Summer 94.67 51.61 66.01 
2008 
Winter 82.66 51.33 63.08 
Summer 86.71 45.06 47.63 
2009 
Winter 86.51 42.38 60.17 
Summer 92.92 36.84 55.67 
2010 
Winter 94.01 34.70 60.43 
Summer 91.96 31.93 72.32 
2011 
Winter 83.41 29.72 80.49 
Summer 87.08 20.46 91.66 
2012 
Winter 80.35 18.39 80.16 
Summer 91.03 15.84 74.90 
2013 
Winter 83.46 24.01 83.72 
Summer 81.98 19.40 63.03 
2014 
Winter 78.81 17.67 64.52 
Summer 77.87 20.96 46.92 
2015 
Winter 78.25 20.71 66.92 
Summer 96.64 36.33 45.61 
2016 
Winter 96.64 36.33 66.10 
Summer 93.86 39.35 69.31 
 
  Figure 14 show the total surface water area of all the reservoirs that make up each of 
those study areas. Due to the significantly larger surface area of the Dallas reservoirs, 
normalization techniques were used to allow for the changes to be tracked more easily. Each 
figure is shown on a scale of 0-100 with 100% being the surface area that the has designated as 
the reservoir boundary. This makes it possible to compare all the areas and the individual 





Figure 15: Reservoirs in the Dallas study area. Normalized as a percentage of the possible 
conservation capacity. Percent Full is based on Conservation Storage and Conservation Capacity 
and doesn't account for storage in flood pool. 
 
Figure 16: Reservoirs in the San Angelo study area. Normalized as a percentage of the possible 
conservation capacity. Percent Full is based on Conservation Storage and Conservation Capacity 
and doesn't account for storage in flood pool. 
 
 Eleven reservoirs were studied throughout the three study areas. The results for the study 
areas vary as do the individual reservoirs within each study area. The results of each reservoir 
have been broken down by study area and individual reservoir. Analysis of the results and 
reasons the reservoir reacted in the manner that each one did are substantiated within each 
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reservoirs section. The analysis for this study only focused on each of the selected reservoirs 
from the three study areas. It looked at the relationship that precipitation, temperature and 
different drought indices have with the reservoirs. Also, a comparison of how the volume of the 
reservoir relates with the surface area. To explain that further, raw data have been extracted from 
the TWDB. Daily lake levels were used to create a monthly average of the volume of each 
reservoir as defined by the calculation created for each reservoir to determine the volume based 
on the water level. 
 
San Angelo Reservoirs 
 Five reservoirs were studied in this area. They are Oak Creek Reservoir, E.V. Spence 
Reservoir, Twin Buttes Reservoir, O.C. Fisher Lake and Lake Nasworthy. This area consists of 
more than just these five reservoirs. However, these reservoirs were selected due to their 
proximity with the city, and because of some things that had happened some of the reservoirs. 
O.C. Fisher Lake nearly dried up for a period of more than three years, while Lake Nasworthy 




Figure 17: Five reservoirs that were studied in the San Angelo study area. These data for each 
trace was obtained by measuring the surface area of the lake divided by the total possible surface 
area and represented by the conservation pool. 
Further analysis of each reservoir on a seasonal basis demonstrates how a variety of 
factors have affected the reservoirs surface area and volume. Precipitation and temperature 
variations had an obvious affect in certain reservoirs as shown by figures 18 and 19. A look at 
the changes in volume as it compares with surface area also show that in some cases a small 
change in surface area may represent a much larger change in volume. When the lakes are lower, 




Figure 18: The San Angelo reservoirs as shown in figure 17 along with the precipitation amounts 
for the Edwards Plateau climate division. 100% on the right vertical axis represents the 
conservation pool. 
 
Figure 19: San Angelo reservoirs as shown in figure 17 with the average monthly temperature 





Figure 20: San Angelo reservoirs as shown in Figure 17 with their respective trendline and the 
Palmer Indices for the Edwards Plateau climate division. 100% on the right vertical axis 
represents the conservation pool. 
 Figure 20 shows the similarities that each reservoir in the study area has with the changes 
in climate that is representative of the climate in the area. A downward trend in all the reservoirs 
with the exception of Lake Nasworthy is observed during the study period in the change in 
surface area in the reservoirs. Those same reservoirs have all shown growth in surface area from 
2015 to the end of the study.  
37 
 
Oak Creek Reservoir 
 
Oak Creek Reservoir had peak surface water area of 7.82 km² in 2007 and shrank to its 
smallest area which was 2.49 km² in 2014. This represents a 68% decrease in the surface area of 
the reservoir. As shown in table 5, the reservoir has rebounded to 5.25 km² as of September 14, 
2016. The total area of the reservoir as designated by the TWDB is 8.85 km². 
Table 5: Oak Creek Reservoir’s surface area by type with both winter and summer seasons. Each 
area is calculated based off the number of pixels for each of the three distinct areas in each 
reservoir. 
Winter       Summer 
Deep Water Shallow Dry  Year  Deep Water Shallow Dry 
2.27 5.30 1.28  2004  2.05 4.04 2.76 
2.54 5.74 0.56  2005  2.95 2.86 3.04 
3.17 3.55 2.12  2006  2.70 4.10 2.05 
1.96 4.05 2.84  2007  7.83 1.02 0.00 
7.81 0.75 0.28  2008  7.24 0.82 0.78 
7.03 1.18 0.64  2009  6.49 0.84 1.52 
6.26 2.14 0.45  2010  6.25 1.47 1.12 
6.06 2.08 0.71  2011  5.01 2.06 1.78 
4.28 4.02 0.55  2012  3.64 2.03 3.18 
3.40 4.28 1.17  2013  3.00 3.52 2.32 
1.86 3.23 3.75  2014  2.49 4.24 2.11 
2.21 5.19 1.45  2015  3.69 3.31 1.85 
4.07 2.98 1.80  2016  5.26 2.26 1.33 
 
 Oak Creek reservoir is a man-made reservoir located in Coke County, TX and was 
finished and filled in 1953. The Oak Creek Dam was built in the Colorado River basin, which is 
a tributary of the Colorado River. It is rolled-earth embankment which is 1158 m long and 29 
meters high. The drainage area above the dam is 632 km². The reservoir was initially constructed 
to supply water to Sweetwater and Blackwell in Nolan County. Water uses currently serve 
recreational uses as well as municipal supply (Dowell 1964). Figures 21 and 22 display how this 




Figure 21: Surface water changes in Oak Creek Reservoir from winter acquisitions. Landsat-7 
images were used in 2005 and 2012-2013. The image from 2011 is used in the background as it 




Figure 22: Surface water area changes in Oak Creek Reservoir from summer acquisitions. 
Landsat-7 images were used in 2012. The image from 2010 is used in the background because it 




The relationship between climate data and the varying size of the reservoir is evident in 
figure 20. These raw data for all the climate indices were extracted from NOAA. Precipitation is 
a major factor in the varying size of the reservoir’s surface water area. A further look at the 
volume of the reservoir in comparison to the surface area shows how a change in surface area is 
related to changes in the volume of the reservoir. As shown in figure 23, the volume follows very 
closely with the area. This would infer that the steepness of the sides of the reservoir create a 
reservoir that changes with a strong relationship between its surface area and the reservoirs 
volume. As seen in figure 20, there is a close relationship between drought and the changes in 
the surface area of the reservoir. There is an apparent co variability between the PDHI and the 
changes in the reservoir area. There is also a strong relationship with the volume of the reservoir 
and the surface area changes in the reservoir. Discharge has the largest negative relationship with 
these reservoir data and shows that the biggest effect on this reservoir is discharge.  
 
Figure 23: The surface water area versus the volume of Oak Creek Reservoir. 100% on the left 
vertical axis represents the conservation pool. The right vertical axis is shown as the volume and 
is indicative of 0 to 100% of the volume limit of the reservoir as prescribed by the TWDB. These 
raw volume data was extracted from the TWDB.  
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E.V. Spence Reservoir 
 
E.V. Spence Reservoir had a peak surface water area of 17.25 km² in 2007 and suffered a 
decline to a low point of 2.39 km² in 2012. This is an 87% decrease in the surface area of the 
reservoir. As in table 6 the reservoir has rebounded to 13.71 km² as of September 14, 2016. The 
total area of the reservoir as designated by the TWDB is 27.05 km². 
Table 6: E.V. Spence Reservoir’s surface area by type with both winter and summer seasons. 
Each area is calculated based off the number of pixels for each of the three distinct areas in each 
reservoir. 
Winter       Summer 
Deep Water Shallow Dry  Year  Deep Water Shallow Dry 
11.92 12.31 2.81  2004  10.23 8.18 8.63 
16.37 10.15 0.52  2005  16.88 7.92 2.24 
17.96 7.64 1.44  2006  15.98 7.70 3.36 
15.38 10.17 1.49  2007  17.25 9.79 0.00 
15.81 9.49 1.74  2008  14.86 10.19 1.99 
13.23 9.62 4.19  2009  10.54 10.17 6.33 
8.27 11.45 7.33  2010  7.84 10.75 8.46 
6.79 11.64 8.62  2011  3.75 12.69 10.61 
2.50 18.81 5.74  2012  2.52 12.49 12.04 
9.31 14.83 2.91  2013  8.83 14.66 3.55 
7.51 15.33 4.21  2014  5.44 16.43 5.18 
6.86 16.25 3.94  2015  11.19 11.95 3.91 
13.44 11.47 2.14   2016   13.71 11.24 2.10 
 
 E.V. Spence Reservoir is a manmade reservoir in Coke County that was filled with the 
construction of the Robert Lee Dam in 1969. It sits on the Colorado River watershed and was 
built to provide municipal water supply for the town of Robert Lee and surrounding areas. The 
lake also serves as a recreational area (Wright). Figures 24 and 25 display how this reservoir’s 




Figure 24: Surface water area changes in E.V. Spence Reservoir from winter acquisitions.  
Landsat-7 images were used in 2005 and 2012-2013. The image from 2010 is used in the 
background as it has 0% cloud cover. 
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Figure 25: Surface water area changes in E.V. Spence reservoir from summer acquisitions. 
Landsat-7 images were used in 2012. The image from 2010 is used in the background because it 
has no cloud cover. 
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 The relationship between these climate data and the varying size of the reservoir is 
evident in figures 18-20. Precipitation is a major factor in the varying size of the reservoir’s 
surface water area. A further look at the volume of the reservoir in comparison to the surface 
area shows how a change in surface area is related to changes in the volume of the reservoir. As 
shown in figure 26, the changes in volume have a relationship with the changes in surface area, 
but a small increase in the volume represents a larger percentage increase in surface area. This 
would be indicative of the reservoir having a relatively low grade when the surface area of the 
water is at 50% or less. A variety of factors play a role on the expansion and shrinking of this 
reservoir. The largest factor on this reservoir is drought, which is shown by a 45.6% relationship 
to the PDHI when running a correlation equation and comparing these data using Microsoft 
Excel. 
 
Figure 26: The surface water area versus the volume of E.V. Spence Reservoir. 100% on the left 
vertical axis represents the conservation pool. The right vertical axis is shown as the volume and 
is indicative of 0 to 100% of the volume limit of the reservoir as prescribed by the TWDB. These 
raw volume data were extracted from the TWDB.  
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Twin Buttes Reservoir 
Twin Buttes Reservoir had a peak surface water area of 14.83 km² in 2007 and suffered a 
decline to a low point of 1.80 km² in 2013. This represents an 88% decrease in the surface area 
of the reservoir. As shown on table 7, the reservoir has rebounded to 8.18 km² as of September 
14, 2016. The total area of the reservoir as designated by the TWDB is 33.96 km². 
Table 7: Twin Buttes Reservoir’s surface area by type with both winter and summer seasons. 
Each area is calculated based off the number of pixels for each of the three distinct areas in each 
reservoir. 
Winter       Summer 
Deep Water Shallow Dry  Year  Deep Water Shallow Dry 
4.54 12.38 17.04  2004  3.89 12.50 17.57 
10.25 7.60 16.12  2005  11.28 4.55 18.14 
12.66 5.66 15.65  2006  10.50 7.93 15.54 
11.32 8.02 14.63  2007  14.83 18.21 0.93 
16.78 4.62 12.57  2008  13.32 1.99 18.66 
12.92 5.87 15.19  2009  11.41 2.66 19.89 
11.68 14.13 8.16  2010  10.20 9.81 13.95 
9.49 14.18 10.30  2011  5.75 11.81 16.41 
5.20 15.55 13.22  2012  4.22 14.66 15.08 
5.10 11.34 17.52  2013  1.80 12.51 19.65 
2.84 7.93 23.19  2014  6.26 10.40 17.31 
5.74 11.10 17.12  2015  7.33 8.05 18.59 
6.31 11.88 15.78   2016   8.18 12.11 13.68 
 
  Twin Buttes Reservoir is a man made reservoir located in Tom Green County in the 
Colorado River Basin. It is on the South Concho River, Spring Creek, and the Middle Concho 
River, tributaries of the Concho River, which is a tributary of the Colorado River. The dam is an 
earthfilled strucutre and was completed in 1963. It measures 13 km long with its tallest point at 
40 meters. The drainage area above the dam is 9645 km². This reservoir is located above Lake 
Nasworthy and was built to release water from storage to keep the lake at a constant level 
(Dowell 1964). Figures 27 and 28 display how this reservoir’s surface water area retracted or 




Figure 27: Surface water area changes in Twin Buttes Reservoir from winter acquisitions. 
Landsat-7 images were used in 2005 and 2012-2013. The image from 2010 is used in the 




Figure 28: Surface water area changes in Twin Buttes Reservoir from summer acquisitions. 
Landsat-7 images were used in 2012. The image from 2010 is used in the background because it 
has no cloud cover. 
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As seen in figures 18-20, there is a relationship between the changes in precipitation and 
the changes in the surface area of the reservoir. Even with this lake being heavily used to keep 
Lake Nasworthy at a constant level, it was still affected by climate at a comparable rate to the 
way that it was affected by the discharges into the neighboring lake. 
 
Figure 29: The surface water area versus the volume of Twin Buttes Reservoir. 100% on the left 
vertical axis represents the conservation pool. The right vertical axis is shown as the volume and 
is indicative of 0 to 100% of the volume limit of the reservoir as prescribed by the TWDB. These 




O.C. Fisher Lake 
 
O.C. Fisher Lake had a peak surface water area of 4.31 km² in 2005 and suffered a 
decline to a low point of 0.01 km² in 2014. This represents almost a 100% decrease in the surface 
area of the reservoir. As shown on table 8, the reservoir has rebounded beyond its 2005 levels to 
5.27 km², as of September 14, 2016. The total area of the reservoir as designated by the TWDB 
is 17.54 km². 
Table 8: O.C. Fisher Lake’s surface area by type with both winter and summer seasons. Each 
area is calculated based off the number of pixels for each of the three distinct areas in each 
reservoir.  
Winter       Summer 
Deep Water Shallow Dry  Year  Deep Water Shallow Dry 
1.62 10.43 5.48  2004  0.42 12.56 4.56 
2.80 8.97 5.77  2005  4.32 9.24 3.98 
4.36 6.98 6.20  2006  3.49 8.10 5.94 
3.00 7.76 6.79  2007  3.98 13.56 0.00 
3.45 5.76 8.33  2008  2.66 5.78 9.10 
2.24 7.53 7.77  2009  1.95 10.42 5.17 
1.82 10.50 5.22  2010  1.44 11.97 4.12 
1.04 12.01 4.48  2011  0.23 13.11 4.19 
0.43 12.65 4.46  2012  0.02 9.86 7.66 
0.04 10.01 7.49  2013  0.11 7.32 9.27 
0.01 9.02 8.50  2014  0.94 5.88 7.07 
0.07 13.18 4.29  2015  4.59 5.88 7.07 
5.70 7.56 4.27   2016   5.28 6.33 5.93 
 
O.C Fisher Lake is a manmade reservoir located in Tom Green County and was formerly 
known as San Angelo Lake. The reservoir was established to provide a secondary drinking water 
source for San Angelo and also for flood control. The dam is compacted earth structure 12.46 km 
long with a maximum height of 39 meters and was completed in 1952 (Texas State Historical 
Association). Figures 30 and 31 display how this reservoirs surface water area retracted or grew 
over the time period of this analysis. 
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Figure 30: Surface water area changes in O.C. Fisher Lake from winter acquisitions. Landsat-7 
images were used in 2005 and 2012-2013. The image from 2010 is used in the background as it 
has 0% cloud cover.  
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Figure 31: Surface water area changes in O.C. Fisher Lake from summer acquisitions. Landsat-7 
images were used in 2012. The image from 2010 is used in the background because it has no 
cloud cover.  
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The relationship that this reservoir has with changes in climate, temperature and 
precipitation can be seen in figures 20-22. This lake has a 95.29% relationship between the 
surface area and volume and has a noticeable relationship in figure 32. It nearly dried up between 
the period of 2011 through 2015. It has the highest relationship to drought indices at 52.73% as 
any of the reservoirs in the San Angelo study area. Discharges from this reservoir played a role 
in its changes, but not as significantly as in other reservoirs. The discharge levels in this reservoir 
were near zero for a large portion of the study period due to it’s levels being so low. 
 
Figure 32: The surface water area versus the volume of O.C. Fisher Lake. 100% on the left 
vertical axis represents the conservation pool. The right vertical axis is shown as the volume and 
is indicative of 0 to 100% of the volume limit of the reservoir as prescribed by the TWDB. These 






Lake Nasworthy has only had variance of less than 10% from its lowest to highest levels 
and is kept at a contact level by discharging water from Twin Buttes reservoir. The total area of 
the reservoir as designated by the TWDB is 5.69 km². Table 9 quantifies the changes in the 
surface area between the years and seasons. 
Table 9: Lake Nasworthy’s surface area by type with both winter and summer seasons. Each area 
is calculated based off the number of pixels for each of the three distinct areas in each reservoir. 
Winter       Summer 
Deep Water Shallow Dry  Year  Deep Water Shallow Dry 
4.60 0.75 0.34  2004  4.57 0.58 0.54 
4.67 0.86 0.16  2005  4.37 0.67 0.66 
4.31 0.82 0.56  2006  4.41 0.79 0.50 
4.53 0.74 0.42  2007  4.57 1.11 0.00 
4.35 0.81 0.53  2008  4.22 0.78 0.69 
4.38 0.81 0.51  2009  4.20 0.86 0.63 
4.55 0.79 0.35  2010  4.25 0.86 0.59 
4.52 0.81 0.36  2011  4.47 0.82 0.40 
4.86 0.77 0.06  2012  4.48 0.93 0.29 
4.69 0.89 0.11  2013  4.47 0.70 0.52 
4.37 0.88 0.44  2014  4.55 0.72 0.42 
4.57 0.78 0.34  2015  4.63 0.62 0.44 
4.59 0.67 0.43  2016  4.53 0.65 0.51 
 
Lake Nasworthy is located in Tom Green County, TX and is in the Colorado River Basin.  
The dam is on the South Concho River, which is a tributary of the Concho River. The Concho 
River is a tributary of the Colorado River. The Nasworthy Dam was completed in 1930, and is an 
earth filled and concrete structure that is 1.7 km long with maximum height of 15 meters 
(Dowell 1964). Figures 33 and 34 display how this reservoirs surface water area retracted or 
grew over the time period of this analysis.  
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Figure 33: Surface water area changes in Lake Nasworthy from winter acquisitions. Landsat-7 
images were used in 2005 and 2012-2013. The image from 2010 is used in the background as it 
has 0% cloud cover.  
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Figure 34: Surface water area changes in Lake Nasworthy from summer acquisitions. Landsat-7 




With Lake Nasworthy being fed by neighboring Twin Buttes reservoir to keep it at a 
manageable level, it is likely that its surface area changes would have little relationship with 
drought indices or other factors. The volume to surface area relationship of the other lakes in this 
study area are much closer than Lake Nasworthy. This may be due to the fact that the reservoir 
stays at a greater percentage than the other reservoirs. As seen in figure 35, the volume of the 
lake has larger percentage increases and decreases when the surface area changes only slightly. It 
is likely that these dips happened over a shorter period and were not tracked by the surface area 
changes, which were only quantified twice per year. 
Figure 35: The surface water area versus the volume of Lake Nasworthy. 100% on the left 
vertical axis represents the conservation pool. The right vertical axis is shown as the volume and 
is indicative of 0 to 100% of the volume limit of the reservoir as prescribed by the TWDB. These 





 Five reservoirs were studied in this area. They include Grapevine Lake, Lake Ray 
Roberts, Lewisville Lake, Lake Kiowa, and North Lake. This area consists of more than just 
these five reservoirs. However, these reservoirs were selected due to their proximity to each 
other, and to see what kind of similar results they shared with San Angelo, which is roughly 400 
km away. The three larger lakes (Grapevine, Ray Roberts and Lewisville) reacted very much as 
expected. When the climate was wetter, the lakes were larger. When it was drier, they were 
smaller. However, Kiowa and North reacted in a different fashion. Kiowa reacted in a reverse 
fashion to the larger lakes, It is also in a private community with no public data for discharge or 
other studies. North Lake was drained during the wettest period, which makes both of these 
reservoirs unreliable for comparing data. 
 
Figure 36: Five reservoirs that were studied in the Dallas study area. These data for each trace 
were obtained by measuring the surface area of the lake divided by the total possible surface area 
and represented as a percentage conservation pool. 
Further analysis of each reservoir on a seasonal basis demonstrates how a variety of 
factors have affected the reservoirs surface area and volume. Precipitation and temperature 
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variations had an obvious affect in certain reservoirs as shown by figures 37 and 38. A look at 
the changes in volume compared with surface area also shows that in some cases, a small change 
in surface area may represent a much larger change in volume. When the lakes are lower, that is 
reversed. 
 
Figure 37: Dallas reservoirs as shown in figure 36 with the precipitation for the North-Central 
climate division. 100% on the right vertical axis represents the conservation pool. 
 
Figure 38: Dallas reservoirs as shown in figure 36 with the average monthly temperature for the 




Figure 39: Dallas reservoirs as shown in figure 36 with their respective trendline and the Palmer 
Indices for the Edwards Plateau climate division. 100% on the right vertical axis represents the 
conservation pool. 
 Figure 39 shows the relationship that each reservoir has with the changed in climate that 
is representative of the climate in the area. The reservoirs appear to not have been affected as 
greatly with respect to the change in climate and their changes in surface area. However, the 
three larger lakes show an increase when the change to a consistently wet climate started in 2015 
and have a positive trend. 
Grapevine Lake 
Grapevine Lake had a peak surface water area of 26.11 km² in 2016 and suffered a 
decline to a low point of 19.28 km² in 2015. This represents a 24% decrease in the surface area 
of the reservoir. As shown on table 10 the reservoir has rebounded to 8.27 km², as of August 7, 




Table 10: Grapevine Lake’s surface area by type with both winter and summer seasons. Each 
area is calculated based off the number of pixels for each of the three distinct areas in each 
reservoir. 
Winter       Summer 
Deep Water Shallow Dry  Year  Deep Water Shallow Dry 
22.74 1.91 2.01  2004  24.20 1.58 0.88 
23.87 1.77 1.02  2005  22.75 1.85 2.07 
21.44 2.15 3.08  2006  19.80 3.74 3.13 
19.31 4.76 2.60  2007  25.28 1.02 0.37 
24.44 1.66 0.56  2008  22.30 2.33 2.04 
20.94 2.01 3.71  2009  23.12 1.83 1.72 
24.37 1.93 0.36  2010  24.19 1.50 0.97 
23.53 1.97 1.16  2011  23.56 1.95 1.15 
23.91 2.09 0.67  2012  23.27 2.20 1.20 
21.81 2.31 2.54  2013  20.99 2.08 3.59 
20.23 3.79 2.64  2014  20.34 3.88 2.44 
19.28 4.74 2.64  2015  26.08 0.43 0.16 
26.12 0.44 0.11  2016  24.94 1.23 0.50 
 
 Grapevine Lake is located in Tarrant County, TX. It extends into Denton County and is in 
the Trinity River Basin. The Grapevine Dam sits on Denton Creek, which is a tributary to Elm 
Fork Trinity River. Elm Fork Trinity River is a tributary to the main Trinity River. The project 
was completed in 1952 and was built for municipal, industrial, manufacturing, and recreational 
purposes.  The dam is a rolled-earth structure including a concrete spillway structure that is 3.9 
km long and 41 meters at its tallest point. Some secondary uses for the reservoir have been 
allocated for flood control, conservation, navigation, sedimentation reserve, and recreational 
purposes (Dowell 1964). Figures 40 and 41 display how this reservoirs surface water area 
retracted or grew over the time period of this analysis.  
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Figure 40: Surface water area changes in the Grapevine Lake from winter acquisitions of each 
year during 2005-2016. Landsat-7 images were used in 2006 and 2011-2013. The image from 
2009 is used in the background because it has no cloud cover. 
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Figure 41: Surface water area changes in the Grapevine Lake from summer acquisitions. 
Landsat-7 images were used in 2008 and 2012. The image from 2010 is used in the background 
because it has 0% cloud cover. 
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Grapevine Lake surface area changes respond very similarly to the changes in the climate 
indices as demonstrated in figure 38. Figure 37 shows how taking an average of the precipitation 
within the climate division demonstrates how closely precipitation follows the changes in the 
lake. As shown in figure 38, the PDHI has a 70% relationship with the surface area changes and 
also a similar relationship to the volume. The effect that drought has on this reservoir is 
significant. However, the discharges in this reservoir also have a great impact. This is the only 
reservoir in this study area with evaporation data recorded, but it appears to have some 
similarities with the changes in the reservoir. This could have been over shadowed with the 
amount discharged from the lake. 
 
Figure 42: The surface water area versus the volume of Grapevine Lake. 100% on the left 
vertical axis represents the conservation pool. The right vertical axis is shown as the volume and 
is indicative of 0 to 100% of the volume limit of the reservoir as prescribed by the TWDB. These 






Lake Ray Roberts 
Lake Ray Roberts had a peak surface water area of 112.65 km² in the summer of 2007 
and suffered a decline to a low point of 89.56 km² in the winter of 2011. This represents a 20.5% 
decrease in the water’s surface area in the reservoir. As shown in table 11 the reservoir has 
rebounded to 109.66 km², as of August 7, 2016. The total area of the reservoir as designated by 
the TWDB is 113.99 km². 
Table 11: Lake Ray Roberts’ surface area by type with both winter and summer seasons. Each 
area is calculated based off the number of pixels for each of the three distinct areas in each 
reservoir. 
Winter       Summer 
Deep Water Shallow Dry  Year  Deep Water Shallow Dry 
100.23 9.17 4.59  2004  107.24 4.96 1.79 
100.80 11.15 2.04  2005  106.69 5.96 1.34 
89.98 19.16 4.85  2006  95.91 12.42 5.66 
91.95 14.44 7.60  2007  109.54 3.61 0.84 
97.86 14.15 1.98  2008  108.32 5.08 0.60 
104.31 6.99 2.68  2009  108.79 4.20 1.00 
108.85 4.66 0.48  2010  107.65 4.68 1.65 
105.32 5.92 2.75  2011  102.72 8.42 2.85 
93.84 16.36 3.79  2012  107.72 5.76 0.52 
100.99 8.16 4.84  2013  97.99 8.96 7.04 
92.55 13.44 8.01  2014  90.21 15.77 8.01 
91.94 18.11 3.94  2015  111.74 1.99 0.26 
111.77 2.15 0.07   2016   109.66 3.45 0.88 
 
Figures 43 and 44 displays how this reservoir’s surface water area retracted or grew over 
the time period of this analysis. Lake Ray Roberts was constructed as part of the Rivers and 
Harbors act of 1945. It was constructed with an earthen structure 43 meters high and is owned 




Figure 43: Surface water area changes in the Lake Ray Roberts from winter acquisitions of each 
year during 2005-2016. Landsat-7 images were used in 2006 and 2011-2013. The image from 
2009 is used in the background because it has no cloud cover. 
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Figure 44: Surface water area changes in Lake Ray Roberts from summer acquisitions. Landsat-7 
images were used in 2008 and 2012. The image from 2010 is used in the background because it 
has 0% cloud cover. 
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The relationship between climate data and the varying size of the reservoir is evident in 
figures 37-39. These raw data for all the climate indices were extracted from NOAA. 
Precipitation is a major factor in the varying size of the reservoir’s surface water area. A further 
look at the volume of the reservoir in comparison to the surface area shows how a change in 
surface area is related to changes in the volume of the reservoir. As shown in figure 45, the 
volume relates with the area, but a small increase in the area represents a larger increase in 
volume. This would be indicative of the reservoir having a relatively high grade. The reservoir is 
likely to have high sloping sides to where a change in water level would have a low impact on 
the change in surface area. This relationship shows that there is a very similar affect that climate 
and discharge play on the changes in this reservoir. 
 
Figure 45: The surface water area versus the volume of Lake Ray Roberts. 100% on the left 
vertical axis represents the conservation pool. The right vertical axis is shown as the volume and 
is indicative of 0 to 100% of the volume limit of the reservoir as prescribed by the TWDB. These 




Lewisville Lake had a peak surface water area of 100.58 km² in the summer of 2007 and 
suffered a decline to a low point of 82.18 km² in the winter of 2014. This represents an 18.3% 
decrease in the water’s surface area in the reservoir. As shown in table 12, the reservoir has 
rebounded to 99.73 km², as of August 7, 2016. The total area of the reservoir as designated by 
the TWDB is 106.51 km². 
Table 12: Lewisville Lake’s surface area by type with both winter and summer seasons. Each 
area is calculated based off the number of pixels for each of the three distinct areas in each 
reservoir. 
Winter       Summer 
Deep Water Shallow Dry  Year  Deep Water Shallow Dry 
81.54 16.53 8.44  2004  97.94 5.71 2.86 
86.56 16.53 3.42  2005  90.31 8.86 7.34 
68.96 22.76 14.80  2006  76.23 18.71 11.57 
87.87 16.39 2.25  2007  100.58 4.51 1.42 
81.89 21.42 3.19  2008  94.18 7.86 4.47 
88.51 12.32 5.68  2009  98.22 5.95 2.35 
99.91 5.49 1.11  2010  96.11 7.03 3.37 
93.34 9.96 3.20  2011  89.41 10.12 6.98 
81.29 22.15 3.07  2012  94.73 7.95 3.83 
83.92 14.04 8.55  2013  83.94 9.81 12.75 
82.19 18.63 5.69  2014  83.38 16.62 6.51 
83.76 18.65 4.11  2015  103.42 2.39 0.70 
100.94 5.16 0.41  2016  99.65 4.59 2.27 
 
 Lewisville Lake is a manmade lake that sits on the site of what was previously Lake 
Dallas on the Garza Dam and is in the Trinity River Basin in Denton County.  It is located on the 
Elm Fork Trinity River, a tributary of the Trinity River. The reservoir inundated and 
incorporated Lake Dallas with the old Garza Dam. It was breached in 1957 and Lewisville Lake 
was completed. The Lewisville Dam is a compacted earth structure 10 km long with a maximum 
height of 38.1 meters. The drainage area above the dam is 4,300 km². The lake was built for 
flood control, conservation storage, and recreational purposes. Figures 46 and 47 display how 
this reservoirs surface water area retracted or grew over the time period of this analysis.  
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Figure 46: Surface water area changes in the Lewisville Lake from winter acquisitions of each 
year during 2005-2016. Landsat-7 images were used in 2006 and 2011-2013. The image from 
2009 is used in the background because it has no cloud cover.
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Figure 47: Surface water area changes in Lake Ray Roberts from summer acquisitions. Landsat-7 
images were used in 2008 and 2012. The image from 2010 is used in the background because it 




The relationship between climate data and the varying size of the reservoir is evident in 
figures 37-39. The raw data for all the climate indices were extracted from NOAA. As shown in 
figure 48, the volume relates with the area, but a small increase in the area represents a larger 
increase in volume. This would be suggestive of the reservoir having a relatively high grade. The 
reservoir is likely to have high sloping sides to where a change in water level would have a low 
impact on the change in surface area. 
 
Figure 48: The surface water area versus the volume of Lewisville Lake. 100% on the left 
vertical axis represents the conservation pool. The right vertical axis is shown as the volume and 
is indicative of 0 to 100% of the volume limit of the reservoir as prescribed by the TWDB. These 





Lake Kiowa  
 
 Lake Kiowa had a peak surface water area of 1.96 km² in the summer of 2008 and 
suffered a decline to a low point of 1.60 km² in the winter of 2011. This represents an 18.2% 
decrease in the water’s surface area in the reservoir. As shown in table 13 the reservoir has 
rebounded to 1.72 km², as of August 7, 2016. The total area of the reservoir as designated by the 
TWDB is 2.06 km². 
Table 13: Lake Kiowa’s surface area by type with both winter and summer seasons. Each area is 
calculated based off the number of pixels for each of the three distinct areas in each reservoir. 
Winter       Summer 
Deep Water Shallow Dry  Year  Deep Water Shallow Dry 
1.66 0.28 0.12  2004  1.70 0.23 0.13 
1.63 0.22 0.20  2005  1.77 0.27 0.02 
1.89 0.17 0.00  2006  1.74 0.30 0.02 
1.80 0.25 0.00  2007  1.46 0.40 0.19 
1.52 0.33 0.20  2008  1.70 0.33 0.03 
1.75 0.26 0.05  2009  1.73 0.26 0.07 
1.68 0.25 0.13  2010  1.69 0.26 0.10 
1.59 0.27 0.20  2011  1.76 0.29 0.01 
1.59 0.27 0.20  2012  1.73 0.31 0.02 
1.74 0.28 0.03  2013  1.82 0.23 0.01 
1.82 0.22 0.02  2014  1.83 0.22 0.01 
1.80 0.22 0.03  2015  1.72 0.24 0.10 
1.72 0.27 0.07   2016   1.72 0.23 0.10 
 
 Lake Kiowa is located in Cooke County and is the center of a large gated community 
surrounding it. It was built on Indian Creek, which is part of the Trinity River Water Shed. 
Figures 49 and 50 show how this reservoir’s surface water area retracted or grew over the time 
period of this analysis.  
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Figure 49: Surface water area changes in the Lake Kiowa from winter acquisitions of each year 
during 2005-2016. Landsat-7 images were used in 2006 and 2011-2013. The image from 2009 is 
used in the background because it has no cloud cover.  
74 
 
Figure 50: Surface water area changes in Lake Kiowa from summer acquisitions. Landsat-7 
images were used in 2008 and 2012. The image from 2010 is used in the background because it 
has 0% cloud cover. 
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 These data shown in figures 37-39 demonstrate how there is little to no relationship 
between changes in climate and changes in the surface area. There is not much data that have 
been collected for this lake, and there are no public records kept of discharges or data on volume 
changes. This lake is not monitored by any government agency. It is interesting to see that even 
though it experienced the same climate as the other lakes in the study area, it’s surface area was 
not affected in the same fashion as the three preceding larger lakes. 
 
North Lake 
  North Lake had a peak surface water area of 2.89 km² in the winter of 2008 and suffered 
a decline to a low point of 0.68 km² in the winter of 2015. This represents a 76.3% decrease in 
the water’s surface area in the reservoir. As shown in table 14, the reservoir has rebounded to 
0.90 km, as of August 7, 2016. The total area of the reservoir as designated by the TWDB is 3.15 
km². 
Table 14: North Lake’s surface area by type with both winter and summer seasons. Each area is 
calculated based off the number of pixels for each of the three distinct areas in each reservoir. 
Winter       Summer 
Deep Water Shallow Dry  Year  Deep Water Shallow Dry 
2.85 0.21 0.09  2004  2.91 0.17 0.06 
2.89 0.17 0.09  2005  2.94 0.19 0.01 
2.85 0.24 0.05  2006  2.67 0.45 0.04 
2.65 0.30 0.21  2007  2.06 0.98 0.11 
2.89 0.17 0.09  2008  2.79 0.32 0.04 
2.80 0.24 0.11  2009  2.65 0.32 0.18 
2.44 0.27 0.44  2010  2.43 0.32 0.40 
2.26 0.30 0.58  2011  2.30 0.64 0.21 
2.14 0.27 0.73  2012  2.30 0.75 0.10 
2.16 0.36 0.64  2013  2.15 0.91 0.09 
2.11 0.34 0.70  2014  0.77 1.99 0.39 
0.68 0.66 1.81  2015  0.93 0.31 1.91 
0.95 0.27 1.93   2016   0.91 0.23 2.02 
 
 
 North Lake is a manmade lake located in Dallas County, TX and is in the Trinity River 
Basin. It is located on the South Fork Grapevine Creek, a tributary of Elm Fork Trinity River. 
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The Elm Fork Trinity River serves as a tributary to the Trinity River. The dam is a compacted 
earth fill structure 2333 meters long and 22 meters high. It was completed by the Dallas Power 
and Light Company in 1960 for the use of power generation cooling. The drainage area above 
the dam is 8 km². Figures 51 and 52 display how this reservoir’s surface water area retracted or 
grew over the time period of this analysis.  
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Figure 51: Surface water area changes in the North Lake from winter acquisitions of each year 
during 2005-2016. Landsat-7 images were used in 2006 and 2011-2013. The image from 2009 is 
used in the background because it has no cloud cover.  
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Figure 52: Surface water area changes in the North Lake from summer acquisitions. Landsat-7 
images were used in 2008 and 2012. The image from 2010 is used in the background because it 
has 0% cloud cover. 
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This reservoir is currently being drained and undergoing repairs since the noticeable dip 
in surface area in the beginning of 2014. It can be noticed that even during the times of regular 
use, this reservoir did not react to the climate conditions in the same fashion as the three larger 
lakes. This is a very steep lake in which the surface area is not affected greatly until the reservoir 




Lake Oroville had a peak surface water area of 53.31 km² in the summer of 2005 before 
the drought started in 2009 and suffered a decline to a low point of 27.60 km² in the winter of 
2015. This represents a 48.2% decrease in the water’s surface area in the reservoir. As shown in 
table 15, the reservoir has rebounded to 41.04 km², as of August 7, 2016. The total area of the 
reservoir as designated by the GIS Service Center, California Department of Fish and Wildlife, is 
60.50 km². 
Table 15: Lake Oroville’s surface area by type in both winter and summer seasons. Each area 
represents the total area (km²) that each of the three areas make up in both winter and summer in 
this lake. 
Winter       Summer 
Deep Water Shallow Dry  Year  Deep Water Shallow Dry 
    2004  39.86 10.27 10.38 
43.15 11.41 5.94  2005  53.31 4.06 3.13 
51.46 4.84 4.20  2006  53.15 4.05 3.30 
52.26 4.90 3.35  2007  39.94 10.46 10.11 
38.17 17.66 4.67  2008  28.82 19.23 12.46 
36.41 19.08 5.02  2009  33.68 15.73 11.10 
36.56 16.29 7.65  2010  43.76 7.46 9.29 
48.70 6.99 4.82  2011  55.46 3.29 1.76 
48.50 7.03 4.98  2012  45.32 6.97 8.22 
50.65 6.39 3.46  2013  38.13 14.46 7.91 
39.04 15.65 5.82  2014  28.39 22.91 9.21 
40.49 15.22 4.79  2015  27.60 22.87 10.04 




Lake Oroville is a reservoir formed by the Oroville Dam and is situated on the Feather 
River. It was completed in 1967 and serves many uses, primarily to provide hydroelectric power. 
It is also used for flood control, with alternative uses being recreation, irrigation and a fish 
hatchery. The dam stands at 235m (Bell M. Lee and Nur Amos 2012). Figures 53 and 54 display 




Figure 53: Surface water area changes in the Lake Oroville from winter acquisitions of each year 
during 2005-2016. Landsat-7 images were used in 2012. The image from 2014 is used in the 
background because it has no cloud cover.  
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Figure 54: Surface water area changes in the Lake Oroville from summer acquisitions of each 
year during 2005-2016. Landsat-7 images were used in 2012. The image from 2015 is used in the 
background because it has no cloud cover. 
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This reservoir is significantly impacted by drought, and as shown in figure 12, there is a 
74.07% relationship between the surface area changes and the PDHI. The steep banks of this 
reservoir show the larger fluctuation between surface area and volume during the years in which 
the lake is at or below 60% volume as seen in figure 55. The right vertical axis is surface area 0 
to 100% of the total surface area boundary of the reservoir as prescribed by the California 
Department of Water Resources. Evaporation rates run close to the changes in the reservoir. 
However, evaporation data were only available in selected years as seen in figure 13. 
 
Figure 55: The surface water area versus the volume of Lake Oroville. These raw volume data 




Summary and Conclusions 
 Eleven surface water reservoirs in Texas and California were studied in this geospatial 
investigation. While Lake Oroville appeared to most closely relate with changes in precipitation, 
all the reservoirs experienced changes to their surface area. With the use of  Landsat imagery 
acquired between 2005 and 2016 and based on the results, these conclusions can be made: (1) the 
reservoirs in the San Angelo area are more noticeably affected by climate and human 
interference, (2) the larger Dallas reservoirs and Lake Oroville relate more closely to the drought 
indices during the study period, and (3) drought has played the major role in the expansion and 
shrinkage of the surface water area of all studied reservoirs, but other factors have had an impact 
as well.  
The changes in climate related with the surface water area changes of the reservoirs in 
these study areas. In the San Angelo study area, the reservoirs appear to be much more affected 
by drought, based off the very low levels in which the reservoirs dropped. In this area, four of the 
reservoirs had a noticeable change during the study period, while one, Lake Nasworthy, only 
changed slightly. This reservoir was kept at manageable level by pumping from a neighboring 
lake. Without this lake, the area had major losses and gains in reservoir surface area during the 
period of study. The climate near Dallas had similar periods of wet and dry with San Angelo. 
However, the Dallas area reservoir did not appear to be affected as much, with Lake Kiowa and 
North Lake having a dissimilar relationship with the changes in drought. Excluding North Lake, 
the surface water of the reservoirs covered at least 50% of their surface area throughout the study 
and more than 90% by the end of 2016. Lake Oroville had a similar reaction to the three larger 
Dallas area reservoirs. It also showed the necessity to measure surface area and volume, with the 
lake being near 50% surface area, but closer to 25% volume. 
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Each reservoir is not only affected by climate but also affected by a several other factors. 
These include any extracurricular activities within the reservoir, municipal water uses, irrigation, 
livestock allowances, daily discharges, evaporation rates, and any inputs to the reservoir, whether 
it be through precipitation, streams and rivers, or from nearby reservoirs as is the case of Lake 
Nasworthy. Outside factors have changed these reservoirs and will likely continue to change the 
shape of these reservoirs. This study examines several factors effect on reservoirs under similar 
conditions while comparing them with reservoirs in different climatic areas and examining the 
similarities and differences.  
 Every reservoir in this study was influenced by factors in which caused great or small 
changes. Drought was not as big of a factor as initially hypothesized in this study. However, it 
was the largest factor towards the change in most of the reservoirs. Human impact or influence 
would be the likely reason for the changes in the reservoirs that did not have a relationship to the 
climate indices. 
Some challenges in this research include field verification and satellite availability. Due 
to the reservoirs covering an extensive geographic area and time period, field verifying the 
reservoirs is not feasible. Also, during the timeframe that Landsat-7 was the only imagery 
available, the satellite images were corrected to have data for the entire study period. The 
obtained results will definitely broaden understanding of the factors that have contributed to the 
intensive lake changes that have occurred in Texas and California over this study period. 
Furthermore, the developed procedure using the GIS density slicer approach can be adapted to 
study other lakes across the country and the world in order to empower management of the water 
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